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The aim of this study was to investigate the phenotypic and genotypic antibiotic resistance profiles of pseudomonads isolated from
surfaces of a goat and lamb slaughterhouse, which were representative of areas that are possible sources of meat contamination. Meso-
philic (85 isolates) and psychrotrophic (37 isolates) pseudomonads identified at the species level generally were resistant to sulfame-
thoxazole, erythromycin, amoxicillin, ampicillin, chloramphenicol, trimethoprim, rifampin, and ceftazidime (especially mesophiles),
as well as colistin and tetracycline (especially psychrotrophes). However, they generally were sensitive to ciprofloxacin, gentamicin,
imipenem, and kanamycin regardless of species identity. Worryingly, in the present study, we found multidrug resistance (MDR) to up
to 13 antibiotics, which was related to intrinsic and acquired resistance mechanisms. Furthermore, a link between various antimicro-
bial resistance genes was shown for beta-lactams and tetracycline, trimethoprim, and sulfonamides. The distribution and resistome-
based analysis of MDR pseudomonads in different slaughterhouse zones indicated that the main sources of the identical or related
pseudomonad strains were the animals (feet and wool) and the slaughterhouse environment, being disseminated from the beginning,
or entrance environment, to the environment of the finished meat products. Those facts must be taken into consideration to avoid
cross-contamination with the subsequent flow of mobile resistance determinants throughout all slaughterhouse zones and then to
humans and the environment by the application of adequate practices of hygiene and disinfection measures, including those for ani-
mal wool and feet and also the entrance environment.

The genus Pseudomonas belongs to the bacterial family Pseu-
domonadaceae of the class Gammaproteobacteria and is con-

sidered the most heterogeneous group of Gram-negative bacteria,
including aerobic rods and motile, catalase-positive, and non-
spore-forming bacteria (1). Their oxygen requirement can be
changed under anaerobic conditions by using an alternative elec-
tron acceptor, such as nitrate. These bacteria are ubiquitous be-
cause of their simple nutritional requirements and their high met-
abolic versatility, having been isolated from a variety of sources,
like soil, fresh water, humans, plant and animal surfaces, cosmet-
ics, medical products and instruments, and foods of animal and
vegetal origins. Thus, Pseudomonas belongs to a group of organ-
isms of great ecological importance as opportunistic pathogens
causing a variety of infectious diseases in animals and humans,
since they are part of the normal bacterial flora of the pharynx,
mucous membranes, and skin of humans (2). They also play a role
as phytopathogens (3, 4) and as spoilage organisms. In this sense,
pseudomonads may cause off-flavor (5–7), especially in protein-
aceous foods with high water activity, like meat and fresh cheese,
browning of minimally processed vegetables because of their
pectinolytic activity (8, 9), off-flavor in fish products due to the
production of volatile compounds and degradation of amino ac-
ids (10–13), and lipolysis and proteolysis of processed milk due to
the production of thermotolerant enzymes (6, 14). Furthermore,
they are of great concern in chilled food spoilage because of their
psychrotrophic conditions, especially Pseudomonas fragi, Pseu-
domonas putida, and Pseudomonas fluorescens (15), which causes
bitterness, putrefaction, rancid odor, liquefaction, gelatinization
of curd, and slime and mucous formation on cheese surfaces.

Pseudomonads as spoilage or as pathogenic bacteria could in-
habit vastly different ecological niches where the key factors driv-
ing to the emergence of resistance may be present (antibiotics and

antibiotic resistance, or AR, genes) (16). The spread of multiple-
drug-resistant (MDR) pseudomonads from different sources to hu-
mans and also to the environment implies the frequent spread of
resistance genes by horizontal gene transfer (HGT), since many of
them are located on plasmids, integrons, or transposons (17). The
evolution and dissemination of AR genes among pseudomonads and
among environments globally, which were enhanced by their genetic
flexibility and versatility, is an increasing problem in infectious dis-
eases. In this way, gene transfer crosses species and genus barriers
(18); thus, genes flow to and from Gram-positive and Gram-negative
bacteria in different environments.

The prevalence of MDR pseudomonads and enterobacteria in
slaughterhouses, including swine and poultry environments, has
been reported largely in several studies (19–22), creating a grow-
ing concern about their impact on animal and human health. At
the slaughter and processing plant and the farm, it is difficult to
reduce risks related to pathogens normally present in the gut of
healthy animals and the teat, so microorganisms present in animal
foods and their processing environment may cause a great chal-
lenge for human health in terms of their pathogenic power and
their role as a potential reservoir of AR genes (20, 23, 24). Indeed,
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it is interesting that commensal bacteria, considered free of health
risk, also could be vehicles of AR genes, although food-borne
pathogens are the main reservoirs (25, 26). The principal factor
linked to the emergence of microbial resistance is the extensive use
or, rather, misuse of antibiotics in different areas, such as bacterial
infection treatment, animal husbandry, and agriculture (27–32),
which may generate an enormous worldwide selective pressure
(16, 33).

In the present study, we report for the first time the prevalence
of multiple-antibiotic-resistant pseudomonads in a goat and lamb
slaughterhouse. This study involved the analysis of phenotypic
and genotypic antibiotic resistance profiles of 122 mesophilic and
psychrotrophic pseudomonads isolated from slaughterhouse sur-
faces throughout the chain of meat production and also from the
end products. Mesophilic (growth at 30°C for 72 h) and psychro-
trophic (growth at 7°C for 10 days) pseudomonads were isolated
as described by Lavilla Lerma et al. (34) in King agar and tryptone
soya agar, respectively. Furthermore, we evaluated the relation-
ship between environmental pseudomonads and the end products
with the aim of elucidating if they share an antibiotic resistome.

MATERIALS AND METHODS
Bacterial strains and culture conditions. Thirty-seven psychrotrophic
and 85 mesophilic isolates of antibiotic-resistant pseudomonads were
used in the present study. The strains were obtained from different sur-
faces (entrance [E], sacrifice room [SR], cold room, cutting room [CR],
freezing tunnel [FrT], and white room [WR]) of a local goat and lamb
slaughterhouse in Jaén (Spain) and also from five meat products from
different shops in Jaén, as described previously by Lavilla Lerma et al. (34).
All strains were maintained and stored in tryptone soya broth (TSB;
Scharlab, Barcelona, Spain) containing 20% glycerol at �80°C. For rou-
tine use, mesophilic and psychrotrophic pseudomonads were cultivated
on TSB at 22°C for 24 to 48 h.

Antimicrobial agents. The antimicrobial agents used in this study
included various antibiotics used in the clinical area, such as penicillins
(amoxicillin [AMX] and ampicillin [AMP]), a cephalosporin (ceftazi-
dime [CAZ]), a fluoroquinolone (ciprofloxacin [CIP]), miscellaneous
drugs (chloramphenicol, [CHL], rifampin [RIF], sulfamethoxazole
[SMZ], and trimethoprim [TMP]), a macrolide (erythromycin [ERY]),
aminoglycosides (gentamicin [GEN], kanamycin [KAN], and streptomy-
cin [STR]), a carbapenem (imipenem [IPM]), lipopeptides (colistin [CL]
and polymyxin B [PB]), and tetracycline (TET). Stock solutions of all
antibiotics used in the present study (Tables 1 and 2) were prepared and
diluted according to guidelines of the Clinical and Laboratory Standards
Institute (38).

Molecular identification of pseudomonads. (i) DNA extraction. To-
tal DNA was extracted from cultures by the method described by de Los
Reyes-Gavilan et al. (39). This DNA preparation was used in further
PCRs.

(ii) ERIC-PCR fingerprinting of Pseudomonas strains. Enterobacte-
rial repetitive intergenic consensus (ERIC)-PCR fingerprinting of Pseu-
domonas isolates was done as described by Martín-Platero et al. (40). DNA
was amplified with primer ERIC1-R in 35 cycles (94°C for 3 min; 35 cycles
of 94°C for 30 s, 48°C for 60 s, and 72°C for 5 min; and 72°C for 7 min).
Reactions were carried out in a total volume of 25 �l containing 2.5 �l of
10� Taq reaction buffer, 3 mM MgCl2, 400 �M deoxynucleoside triphos-
phates (dNTPs), 1 �M ERIC1-R primer (5=-ATGTAAGCTCCTGGGGA
TTCAC-3=), 1 U of Taq DNA polymerase (GE Healthcare), and 1 �l of
template DNA. Amplification products were separated by electrophoresis
on a 1.8% (wt/vol) agarose gel in 1� TBE buffer (0.45 mM Tris-HCl, 0.45
mM boric acid, 1 mM EDTA, pH 8.3) during 16 h at 46 V. The gels were
stained in ethidium bromide and photographed on a UV transillumina-
tor. Photopositives were scanned into a computer and subsequently ana-
lyzed using Bionumerics software, version 2.5 (Applied Maths, Kortrijk,

Belgium). The grouping of the ERIC-PCR patterns was performed by
means of the Pearson product moment correlation coefficient and cluster
analysis with the unweighted-pair group method using arithmetic average
linkages (UPGMA).

(iii) Identification of Pseudomonas sp. strains at species level. Once
the fingerprinting analysis was done, representative strains of each cluster
were selected for their genetic identification by sequencing of rpoD and
gyrB genes amplified by PCR using the primers described by Yamamoto et
al. (41), and the nucleotide sequences were deposited in GenBank under
accession numbers KM364994 to KM365013 and KM370331 to
KM370332. A search for homology of the DNA sequences was done using
the BLAST algorithm available at the National Centre for Biotechnology
Information (NCBI).

To confirm the identity of strains, a multiplex species-specific PCR of
the carbamoyl phosphate synthase gene small subunit (carA) was done as
described by Ercolini et al. (42) to detect P. lundensis and P. putida.

Antimicrobial susceptibility testing. The MICs of the above-men-
tioned antibiotics were measured in a concentration range from 2 to 4,096
�g/ml for all antibiotics except imipenem, which ranged from 1 to 4,096
�g/ml. After incubation, the MIC was read as the lowest concentration of
each antimicrobial agent that inhibited the visible growth of the strain. All
of the MIC determinations of each antimicrobial for each strain were
carried out in triplicate, and reliable results were taken if at least two out of
three replicates were in agreement. The microbiological breakpoints of
most antibiotics tested were those defined by CLSI (35). Concerning beta-
lactams (amoxicillin and ampicillin), kanamycin, streptomycin, and tri-
methoprim, we used the microbiological breakpoint proposed by CLSI
(35) for Escherichia coli, since the official ECOFF (epidemiological cutoff)
for Pseudomonas spp. has not been designated by the same international
organization. The microbiological breakpoints of erythromycin and rif-
ampin were those proposed by Bruchmann et al. (36) and Tribuddharat
and Fennewald (37), respectively.

Molecular screening of resistance determinants. PCR amplifications
of well-known structural genes associated with resistance to beta-lactams
(blaOXA, blaCTX, blaSHV-1, and blaTEM), chloramphenicol (catA1, catA2,
catA3, and catB3), macrolides (ereA, ereB, ermA, ermB, msrA and mrsB,
and mefA), tetracycline (tetA, tetB, tetO, and tetQ), aminoglycosides
[aad(E), aphA-3, aac(6=)-Ie-aph(2=)-Ia, aph(2=)-Ib, aph(2=)-Ic, aph(2=)-
Id, aph(3=)-IIIa, and ant(4=)-Ia], trimethoprim (dfrA and dfrD), and sul-
fonamide (sulI, sulII, and sulIII) were performed by following methods
described elsewhere (43–50) and using primers listed in Table S1 in the
supplemental material. Efflux pumps mediating multiple antibiotic resis-
tance also were included in this study (see Table S1), such as AcrA, AcrB,
TolC, MexAB, MexCD, and MexXY (51, 52).

To investigate whether observed resistance to rifampin was due to
mutations in the rpoB gene, PCR of the partial rpoB gene fragment (nu-
cleotides 1524 to 2159) was done as described by Hosokawa et al. (53)
using the primers listed in Table S1 in the supplemental material. The
nucleotide sequences were deposited in GenBank under accession num-
bers KM370326 to KM370330.

Analysis of integrons. Class 1, 2, and 3 integrons were detected as
described by White et al. (54) and Ploy et al. (55) (see Table S1 in the
supplemental material).

Statistical analysis. Statistical analysis of data was accomplished using
Excel 2007 and XLSTAT 2014 (trial version 2014.1.03; Addinsoft, France),
and the correlation between all slaughterhouse variables (zones, antibiot-
ics, and population type) and phenotypic resistance was determined by
principal component analysis (PCA).

To identify the source of multiple antibiotic resistance, agglomerative
hierarchical cluster analysis was performed using XLSTAT 2014 (trial ver-
sion 2014.1.03; Addinsoft, France) according to Ward’s method for clus-
tering and the square Euclidean distance as a measure of distance group-
ing to measure population similarities between sampling zones in
pseudomonad resistomes, which was based on the incidence of resistance
determinants.
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TABLE 1 MIC distribution of 16 antibiotics for mesophilic pseudomonads isolated throughout the chain of meat production

Antibiotic and
species

No. of isolates in each MIC rangee (�g/ml)
MIC
breakpoint
(�g/ml)

No. of
resistant
strains�1-�2 �2-�4 �4-�8 �8-�16 �16-�32 �32-�64 �64-�128 �128-�256 �256-�512 �512

Amoxicillin
P. putida 1 1 �32a 2
P. lundensis 4 1 2 1 11 1 4 7 24
P. fluorescens 1 2 2
P. alkylphenolia 1 1 2

Ampicillin
P. putida 1 1 �32a 2
P. lundensis 4 1 1 2 9 1 4 9 25
P. fluorescens 1 1 1 3
P. alkylphenolia 1 1 2

Ceftazidime
P. putida 1 1 �32b 2
P. lundensis 2 2 5 2 4 2 14 22
P. fluorescens 1 1 1 2
P. alkylphenolia 2 0

Imipenem
P. putida 1 1 �16b 0
P. lundensis 10 7 9 4 1 1
P. fluorescens 1 1 1 1
P. alkylphenolia 2 0

Gentamicin
P. putida 2 �16b 0
P. lundensis 7 10 8 2 1 3 6
P. fluorescens 2 1 0
P. alkylphenolia 2 0

Kanamycin
P. putida 1 1 �64a 0
P. lundensis 11 0 6 8 2 3 1 4
P. fluorescens 1 2 0
P. alkylphenolia 2 0

Streptomycin
P. putida 1 1 �64a 0
P. lundensis 1 1 4 12 5 2 4 2 8
P. fluorescens 2 1 0
P. alkylphenolia 1 1 1

Rifampin
P. putida 2 �32d 2
P. lundensis 2 1 3 16 5 3 1 25
P. fluorescens 2 1 3
P. alkylphenolia 2 2

Sulfamethoxazole
P. putida 2 �512b 2
P. lundensis 31 31
P. fluorescens 3 3
P. alkylphenolia 2 2

Trimethoprim
P. putida 1 1 �16a 1
P. lundensis 2 7 1 1 2 1 17 22
P. fluorescens 2 1 3
P. alkylphenolia 2 2

(Continued on following page)
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Nucleotide sequence accession numbers. Nucleotide sequences de-
termined during this work were deposited in GenBank under the
following accession numbers: KM364994 to KM365013, KM370326 to
KM370330, and KM370331 to KM370332.

RESULTS
Fingerprinting and identification of antibiotic-resistant meso-
philic and psychrotrophic Pseudomonas spp. isolated from
slaughterhouse surfaces and meat products. A collection of 122
isolates of antibiotic-resistant pseudomonads (85 and 37 meso-
philic and psychrotrophic isolates, respectively) isolated by Lavilla
Lerma et al. (34) were reduced to 52 (38 mesophilic and 14
psychrotrophic) strains by ERIC-PCR analysis, since isolates with
identical ERIC-PCR patterns were considered the same strain (see
Fig. S1 in the supplemental material). The genetic diversity of
mesophilic pseudomonads was studied by ERIC-PCR, and the
dendrogram generated using Pearson correlation demonstrated
the existence of one main cluster, G1 (80% was used as the cutoff
for defining the cluster), subdivided in two subclusters: subcluster

G1A, with 26 strains, and G1B, with 12 strains (see Fig. S1A).
Similarly, psychrotrophic pseudomonads showed one main clus-
ter, G1 (37 strains), subdivided in two subclusters, G1A and G1B,
with 11 and 3 strains, respectively (see Fig. S1B). The identifica-
tion of representative strains of each group in the dendrograms
revealed that mesophilic pseudomonads were represented mainly
by P. lundensis (82%), followed by a small proportion of P. fluo-
rescens (8%), P. alkylphenolia (5%), and P. putida (5%) (see Fig.
S1A). However, psychrotrophic pseudomonads were represented
by P. putida (50%), P. fragi (29%), and P. lundensis (21%) (see Fig.
S1B). The analysis of ERIC-PCR dendrograms displaying the dis-
tances between the 122 strains revealed that both mesophilic and
psychrotrophic pseudomonads showed low degrees of heteroge-
neity (similarity coefficient, ~80.4 to 82%).

On the other hand, the analysis of ERIC-PCR dendrograms
showed that strains isolated from the end products (the same
clone) also were detected on surfaces throughout the chain of
meat production. Furthermore, isolates detected at the entrance

TABLE 1 (Continued)

Antibiotic and
species

No. of isolates in each MIC rangee (�g/ml)
MIC
breakpoint
(�g/ml)

No. of
resistant
strains�1-�2 �2-�4 �4-�8 �8-�16 �16-�32 �32-�64 �64-�128 �128-�256 �256-�512 �512

Colistin
P. putida 1 1 �8b 0
P. lundensis 7 4 2 1 1 4 1 11 20
P. fluorescens 1 1 1 1
P. alkylphenolia 1 1 0

Polymyxin B
P. putida 1 1 �8b 0
P. lundensis 10 6 1 1 13 15
P. fluorescens 2 1 0
P. alkylphenolia 2 0

Erythromycin
P. putida 2 �4c 2
P. lundensis 4 1 1 9 9 7 27
P. fluorescens 1 2 3
P. alkylphenolia 2 2

Chloramphenicol
P. putida 2 �32b 2
P. lundensis 3 8 9 5 1 5 20
P. fluorescens 1 1 1 2
P. alkylphenolia 1 1 2

Ciprofloxacin
P. putida 2 �4b 0
P. lundensis 29 1 1 2
P. fluorescens 3 0
P. alkylphenolia 2 0

Tetracycline
P. putida 2 �16b 0
P. lundensis 10 3 7 6 1 2 1 1 11
P. fluorescens 1 1 1 0
P. alkylphenolia 2 2

a In the case of nondescribed antibiotics, we considered the breakpoint values suggested by CLSI (35) for E. coli.
b The microbiological breakpoint values according to CLSI (35) for Pseudomonas sp. are given.
c The microbiological breakpoint values according to Bruchmann et al. (36) for Pseudomonas sp. are given.
d The microbiological breakpoint values according to Tribuddharat and Fennewald (37) for Pseudomonas sp. are given.
e Resistant strains with a MIC higher than the breakpoints described in the table are indicated in boldface.
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TABLE 2 MIC distribution of 18 antibiotics for psychrotrophic pseudomonads isolated throughout the chain of meat production

Antibiotic and
species

No. of isolates with the following MIC rangee (�g/ml)
MIC
breakpoint
(�g/ml)

No. of
resistant
strains�1-�2 �2-�4 �4-�8 �8-�16 �16-�32 �32-�64 �64-�128 �128-�256 �256-�512 �512

Amoxicillin
P. fragi 1 1 2 �32a 4
P. putida 2 2 1 2 7
P. lundensis 3 3

Ampicillin
P. fragi 2 2 �32a 4
P. putida 1 4 2 7
P. lundensis 2 1 3

Ceftazidime
P. fragi 3 1 �32b 1
P. putida 2 1 1 2 1 3
P. lundensis 3 0

Imipenem
P. fragi 3 1 �16b 1
P. putida 4 2 1 1
P. lundensis 3 0

Gentamicin
P. fragi 2 1 1 �16b 0
P. putida 4 1 1 1 1
P. lundensis 3 0

Kanamycin
P. fragi 2 1 �64a 0
P. putida 3 2 1 1 1
P. lundensis 3 0

Streptomycin
P. fragi 3 1 �64a 1
P. putida 1 1 2 1 1 1 1
P. lundensis 1 2 0

Rifampin
P. fragi 3 1 �32d 1
P. putida 1 3 1 1 1 3
P. lundensis 3 0

Sulfamethoxazole
P. fragi 2 2 �512b 2
P. putida 2 5 5
P. lundensis 1 2 2

Trimethoprim
P. fragi 1 1 1 1 �16a 3
P. putida 1 1 5 5
P. lundensis 3 3

Colistin
P. fragi 1 2 1 �8b 1
P. putida 1 3 1 1 1 3
P. lundensis 1 1 1 2

Polymyxin B
P. fragi 3 1 �8b 1
P. putida 1 4 1 1 2
P. lundensis 2 1 1

(Continued on following page)
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(E) were the same as those detected in the end products (i.e., P.
lundensis 1K04.1 and P. lundensis 1K13.1 from meat product were
the same clones as P. lundensis M1K10.2 and P. lundensis
M1K06.2, respectively, from the entrance).

Antibiotic susceptibility assays and MIC distributions. The
MIC determination of the different antibiotics was performed
with 52 pseudomonads identified at the species level in the present
study. The results obtained (Tables 1 and 2 and Fig. 1 and 2)
indicated that resistance to 16 antibiotics was detected in almost
all pseudomonads tested depending on the antibiotic used, the
species analyzed (P. fragi, P. alkylphenolia, P. fluorescens, P. lun-
densis, and P. putida), the population type, and the sampling zone.

Analysis of antibiotic resistance according to population
type. (i) Mesophilic pseudomonads. Generally, mesophilic pseu-
domonads were resistant to sulfamethoxazole (100%); ampicillin,
rifampin, and erythromycin (81 to 100%); amoxicillin, ceftazi-
dime (except P. alkylphenolia), trimethoprim, and chloramphen-
icol (50 to 100%); and tetracycline (100% of P. alkylphenolia
strains) regardless of the species analyzed (Table 1). However,
sensitivity was shown to colistin (all P. putida and P. alkylphenolia
strains), streptomycin and tetracycline (all P. putida and P. fluo-
rescens strains), polymyxin B (all strains were sensitive except for
48% of P. lundensis strains), imipenem (97 to 100%, except for
33% of P. fluorescens strains), and ciprofloxacin, kanamycin, and
gentamicin (all strains were sensitive except for 6, 13, and 19%,
respectively, of P. lundensis strains).

(ii) Psychrotrophic pseudomonads. High resistance of psy-
chrotrophic pseudomonads was shown to amoxicillin, ampicillin,
and erythromycin (100% of species), as well as to chlorampheni-
col and trimethoprim (71 to 100%). Nevertheless, higher sensitiv-
ity was obtained with ciprofloxacin (100% of all species), genta-
micin and kanamycin (for all species except 14% of P. putida

strains), imipenem (except for P. fragi), and streptomycin and
rifampin (100% of P. lundensis strains). For the rest of the antibi-
otics, intermediate resistance was shown for all species (Table 2).

In most cases, both sensitive mesophilic and psychrotrophic
pseudomonads showed unimodal MIC distributions in the low-
intermediate range of concentrations (Tables 1 and 2), while the
resistant pseudomonads showed bi- or multimodal MIC distribu-
tions in the intermediate-high range of concentrations, allowing
the differentiation of two or three subpopulations: one sensitive
and one or two resistant subpopulations. The distinction between
intrinsic and acquired resistance was determined for resistant
pseudomonads, which displayed bi- or multimodal MIC distribu-
tions. In this sense, acquired resistance was detected in mesophilic
P. lundensis (Table 1) to all antibiotics to which they showed re-
sistance, except sulfamethoxazole and ciprofloxacin. However,
psychrotrophic P. lundensis showed acquired resistance to sulfa-
methoxazole, colistin, polymyxin B, erythromycin, and tetracycline
(Table 2). Regarding mesophilic P. putida, acquired resistance was
shown to all antibiotics except rifampin, sulfamethoxazole, eryth-
romycin, and chloramphenicol, while in psychrotrophic P. putida,
acquired resistance to several antibiotics, except gentamicin, rif-
ampin, and tetracycline, was shown. With respect to other species,
acquired resistance was detected in mesophilic P. fluorescens and
P. alkylphenolia and also in psychrotrophic P. fragi (Tables 1
and 2).

Analysis of antibiotic resistance according to sampling zone.
The analysis of the distribution of resistant strains throughout the
chain of meat production revealed that mesophilic pseudomo-
nads were the most heterogeneous group, being highly repre-
sented by P. lundensis (82%) along the different zones of the meat
processing plant (Fig. 1A). Moreover, mesophilic P. lundensis was
isolated with high frequency in the cutting room (CR) and from

TABLE 2 (Continued)

Antibiotic and
species

No. of isolates with the following MIC rangee (�g/ml)
MIC
breakpoint
(�g/ml)

No. of
resistant
strains�1-�2 �2-�4 �4-�8 �8-�16 �16-�32 �32-�64 �64-�128 �128-�256 �256-�512 �512

Erythromycin
P. fragi 3 1 �4c 4
P. putida 1 2 1 3 7
P. lundensis 1 1 1 3

Chloramphenicol
P. fragi 2 2 �32b 4
P. putida 2 1 4 5
P. lundensis 1 2 3

Ciprofloxacin
P. fragi 4 �4b 0
P. putida 7 0
P. lundensis 3 0

Tetracycline
P. fragi 3 1 �16b 1
P. putida 1 3 3 3
P. lundensis 1 2 2

a In the case of nondescribed antibiotics, we considered the breakpoint values suggested by CLSI (35) for E. coli.
b The microbiological breakpoint values according to CLSI (35) for Pseudomonas sp. are given.
c The microbiological breakpoint values according to Bruchmann et al. (36) for Pseudomonas sp. are given.
d The microbiological breakpoint values according to Tribuddharat and Fennewald (37) for Pseudomonas sp. are given.
e Resistant strains with a MIC higher than the breakpoints described in the table are indicated in boldface.
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end products (MP) (18.8 and 16.5%, respectively), followed by the
white room (WR; 11.8%) and sacrifice room (SR; 8.2%) samples
(Fig. 1A). Similarly, psychrotrophic P. lundensis organisms were
isolated from different zones of the meat processing plants and
also from the end products, being isolated frequently from the
refrigerators F3 (16.2%) and F4 (8.1%), CR and MP (5.4%), and
refrigerators F2 and F1 (2.7%) (Fig. 1B).

Mesophilic P. putida was detected at high levels in CR (15.3%),
as well as in F3 (4.7%) and E (1.2%) (Fig. 1A). However, psychro-
trophic P. putida strains were distributed in different slaughter-
house zones and end products, being isolated from WR and CR
(8.1%), the entrance (5.4%), and MP, F1, and F4 (2.7%).

Concerning the rest of the species, a few strains of mesophilic P.
fluorescens (1 to 3.5%) and P. alkylphenolia (1%) were isolated
from E and MP (P. fluorescens) as well as SR and CR (P. alkylphe-
nolia) samples. Psychrotrophic P. fragi was distributed through-
out the meat processing plant to the end products, being isolated

mostly from F3 (13.5%), F4 (8.1%), and also E, CR, and WR
(2.7%) samples. Moreover, neither mesophilic nor psychro-
trophic pseudomonads were detected in the freezing tunnel (FrT),
and no psychrotrophic pseudomonads were isolated from the SR
(Fig. 1).

Analysis of antibiotic resistance according to the type of an-
tibiotic. Almost all mesophilic pseudomonad strains showed resis-
tance to sulfamethoxazole, erythromycin, rifampin, amoxicillin, am-
picillin, ceftazidime (except P. alkylphenolia), chloramphenicol,
and trimethoprim regardless of their identity at the species level
(Fig. 2A). Similarly, psychrotrophic pseudomonads showed the
same antibiotic resistance pattern against all drugs except for rif-
ampin and ceftazidime, to which only P. putida and P. fragi
showed resistance, and the strains also were resistant to colistin
and tetracycline (Fig. 2B). However, all or almost all pseudomo-
nads were very sensitive to imipenem, kanamycin, ciprofloxacin,
and gentamicin (Fig. 2).

FIG 1 Resistance to antibiotics of mesophilic (A) and psychrotrophic (B) pseudomonads isolated from slaughterhouse surfaces throughout the chain of meat
production and from the end products according to species identity. P. alkylphenolia, yellow; P. fluorescens, purple; P. lundensis, blue; P. putida, red; P. fragi, green.
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MDR phenotypes and genotypes. Multidrug resistance (de-
fined as resistance to 3 or more different antimicrobials) was
observed in all mesophilic and psychrotrophic pseudomo-
nads displaying resistance to 4 to 13 antibiotics (Fig. 2). Further-

more, about 65 mesophilic and psychrotrophic pseudomonads
were resistant to at least 8 to 13 antibiotics (Fig. 2).

To identify resistance determinants responsible for the MDR
phenotypes observed, all antibiotic-resistant mesophilic and psy-

FIG 2 Heat-map summary of MDR phenotypes and genotypes, proteolytic activity, and the sources of mesophilic (A) and psychrotrophic (B) pseudomonads
isolated from slaughterhouse surfaces throughout the chain of meat production and from the end products. The level of resistance is indicated by a green scale
(R, resistant; S, susceptible; B, breaking point). Antimicrobial abbreviations: AMP, ampicillin; AMX, amoxicillin; CAZ, ceftazidime; CHL, chloramphenicol; CIP,
ciprofloxacin; CL, colistin; ERY, erythromycin; GEN, gentamicin; IPM, imipenem; KAN, kanamycin; PB, polymixin B; RIF, rifampin; SMX, sulfamethoxazole;
STR, streptomycin; TET, tetracycline; TMP, trimethoprim. P. alkylphenolia, purple; P. fluorescens, yellow; P. lundensis, black; P. putida, red; P. fragi, blue.
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chrotrophic pseudomonads were screened by PCR for the pres-
ence of known resistance genes as described above. The analysis of
antibiotic resistance in all strains indicated that phenotypic and
genotypic resistance was linked in most cases, since specific and
nonspecific resistance determinants were detected (Fig. 2). How-
ever, the analysis of aminoglycoside-resistant pseudomonads
showed that the genes [aad(E), aphA3, aac(6=)-Ie-aph(2=)-Ia,
aph(2=)-Ib, aph(2=)-Ic, aph(2=)-Id, aph(3=)-IIIa, and ant(4=)-Ia]
encoding transferases involved in gentamicin, kanamycin, or
streptomycin resistance were not detected. On the other hand,
both mesophilic and psychrotrophic pseudomonad-resistant
strains frequently exhibited the following resistance determinants:
blaCTX � blaTEM as beta-lactam resistance genes, sulII � sulI as
sulfonamide resistance genes, and ereA � ereB � msrA. mefA was
detected in one strain only of psychrotrophic P. putida as an eryth-
romycin resistance gene, and catA2 � catB3 was detected in psy-
chrotrophic pseudomonads, while mesophilic pseudomonads
showed the opposite situation for chloramphenicol resistance
genes. dfrD was detected as a trimethoprim resistance gene, and
tetQ � tetO-tetA was detected in mesophilic pseudomonads (Fig.
2A) and tetB � tetQ in psychrotrophic pseudomonads (Fig. 2B).
(“blaCTX � blaTEM” indicates that blaCTX has greater incidence
than blaTEM, etc.)

On the other hand, the analysis of the partial rpoB gene se-
quences revealed that neither of the rifampin-resistant pseu-
domonads possessed a point mutation in the Rif region. Further-
more, in the case of resistant strains which did not exhibit specific
resistance determinants to the corresponding antibiotics, efflux
pumps as unspecific mechanisms responsible for the MDR phe-
notype were detected, such as mexB � mexD � mexY genes, cod-
ing for MexAB-OprM, MexCD-OprJ, and MexXY-OprN efflux
pumps, respectively. Furthermore, acrB and tolC genes of the
AcrAB-TolC efflux system also were detected in both mesophilic
and psychrotrophic pseudomonads. However, few resistant pseu-
domonad strains harbored any of the resistance determinants de-
scribed above.

Regarding horizontal gene transfer (HGT), integron class 1
was detected in some mesophilic and psychrotrophic pseu-
domonads (P. lundensis and P. fragi) isolated throughout the meat
processing plant and from end products (Fig. 2). Furthermore,
integron class 2 also was detected in mesophilic pseudomonads
(Fig. 2A).

Statistical analysis of resistance. (i) PCA of multidrug resis-
tance in pseudomonads. Figure 3 shows the biplot graph of the
relationship between the antibiotics tested (scores) and strain
variables (population type, sampling zones, and loads). Principal
component analysis (PCA) of the data from the phenotypic anti-
biotic resistance of mesophilic and psychrotrophic pseudomo-
nads in different slaughterhouse zones and end products resulted
in three clusters for mesophiles and four clusters for psychro-
trophs (Fig. 3). As shown in Fig. 3A, the first cluster represented
the most resistant mesophilic pseudomonads, being isolated from
CR and MP; however, they exhibited the opposite antibiotic resis-
tance profile, since CHL, GEN, and STR were the most relevant
antibiotics in CR and PB-TET-CAZ-RIF were the most relevant in
MP. The second cluster was formed by the less resistant mesoph-
ilic pseudomonads, which were isolated from all refrigerators (F1,
F2, F3, and F4), with CIP-GEN-KAN-PB being the most relevant
antibiotics. However, mesophilic pseudomonads from E, SR, and
WR (third cluster) occupied an intermediate position between the

other clusters, exhibiting resistance to a wide range of antibiotics,
with CIP-KAN-GEN-CHL being the most relevant antibiotics in
the WR and several antibiotics being the most relevant in the SR
(Fig. 3A).

On the other hand, PCA of phenotypic antibiotic resistance in
psychrotrophic pseudomonads (Fig. 3B) showed that E (first clus-
ter) and F3 and F4 (second cluster) represented clusters with
higher levels of resistance, with KAN and GEN being the most
relevant antibiotics in E and ERY-AMX-APM-TMP being the
most relevant antibiotics in F3 and F4. Of the remaining two clus-
ters, one was represented by the less resistant pseudomonads
found in SR and F2 samples, and one occupied an intermediate
position and was found in MP, F1, CR, and WR samples. The
resistance of the last two clusters was determined by a wide range
of antimicrobials, and the differences were less noticeable than
those in other zones.

(ii) Similarity analysis of multidrug-resistant pseudomo-
nads. Figure 4 shows the dendrogram obtained when resistant
populations of the sampling zones and end products based on the
genotypic resistance profiles was analyzed. According to this clus-
tering (Fig. 4A), all refrigerators (F1, F2, F3, and F4) and WR
(group 1) had a resistant mesophilic population of pseudomonads
clustered separately from SR and E (group 2), which clustered
together with CR and MP (group 3). However, resistome-based
clustering of psychrotrophic pseudomonads (Fig. 4B) showed that
refrigerators were distributed throughout almost all groups: F3
(group 1), F4 (group 3), and F1, F2, and MP (group 5).

DISCUSSION

The slaughterhouse is considered an ideal environment for
spreading antimicrobial-resistant zoonotic pathogens that con-
taminate surfaces, meat products, and wastewater (56, 57). The
spread of antimicrobial resistance genes throughout the food
chain increases the resistance gene pool from which both patho-
gens and commensals can pick up resistance determinants, in-
cluding those that pose a potential threat to public health and
ecological balance (21, 58, 59). The main microorganisms recov-
ered from hides, carcasses, butchered meat, and meat processing
plant surfaces (60, 61) include a wide spectrum of Gram-negative
bacteria, with P. fluorescens and the psychrotrophic P. fragi, P.
lundensis, and P. putida being the most relevant spoilage agents of
fresh meat stored aerobically (42, 62–65). In the present study,
MDR pseudomonads (100% of strains isolated in this study) were
isolated from all slaughterhouse zones (77%), except the freezing
tunnel, and from the end products (23%), represented mainly by
P. lundensis (65%) and P. putida (17%), followed by P. fragi (8%),
P. fluorescens (6%), and P. alkylphenolia (4%). The high genetic
relatedness of mesophilic and psychrotrophic pseudomonads and
the fact that some isolates showed identical or highly similar
ERIC-PCR profiles, although they were isolated from different
zones (entrance, sacrifice room, refrigerators, cutting room, and
white room) or even from the end products, suggest that the main
sources of the identical or related pseudomonad strains were the
animals (feet and wool) and the slaughterhouse environment.
Thus, carcasses contaminated with environmental bacteria may
spread pseudomonads throughout all of the slaughterhouse
zones, including the end products. For this reason, the isolation of
pseudomonads from living animals and comparison to slaughter-
house strains deserves further studies.

MDR phenotypes (resistance to 4 to 13 antibiotics) were detected
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FIG 3 Biplot of the simultaneous evaluation of the relationship of scores (antibiotics) and sample variables (sampling zone and population type. (A) Mesophilic
pseudomonads; (B) psychrotrophic pseudomonads. Antibiotic abbreviations: AMP, ampicillin; AMX, amoxicillin; CAZ, ceftazidime; CIP, ciprofloxacin; CL,
colistin; CHL, chloramphenicol; ERY, erythromycin; GEN, gentamicin; IPM, imipenem; KAN, kanamycin; PB, polymyxin B; RIF, rifampin; SMZ, sulfame-
thoxazole; STR, streptomycin; TET, tetracycline; TMP, trimethoprim.
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FIG 4 Dendrogram showing mesophilic (A) and psychrotrophic (B) pseudomonad population clusters of goat and lamb slaughterhouse sampling zones from
the entrance area and sacrifice room to the end product stage, typed by resistomes. Hierarchical cluster analysis for multiple antibiotic resistance patterns was
performed by using the Ward method for clustering and the square Euclidean distance for distance measures.
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in both mesophilic and psychrotrophic pseudomonads, being resis-
tant to sulfamethoxazole, erythromycin, amoxicillin, ampicillin,
chloramphenicol, trimethoprim, rifampin, and ceftazidime (espe-
cially mesophiles), as well as colistin and tetracycline (especially psy-
chrotrophs), regardless of species identity. However, a low percentage
of resistant pseudomonads was obtained with ciprofloxacin, genta-
micin, imipenem, and kanamycin. The most resistant mesophilic
pseudomonads, especially P. lundensis strains, were frequently iso-
lated from the cutting room and meat products. However, resis-
tant psychrotrophic pseudomonads were isolated at high levels
from refrigerators (F3 and F4). The multidrug resistance of pseu-
domonads is due to multiple intrinsic or acquired mechanisms,
such as the low permeability of the outer membrane (20, 66–68),
the production of beta-lactamases, and the presence of multidrug
efflux pumps with wide substrate profiles (66, 69). Worryingly, in
the present study we found multidrug resistance for up to 13
antibiotics (65% of pseudomonads were resistant to 8 to 13
antibiotics) caused by practically all known mechanisms of an-
timicrobial resistance. The increase in antibiotic resistance of
pseudomonads isolated from the slaughterhouse environment
can be due to several reasons, such as the use of antimicrobials
(biocides and antibiotics) that could enhance gene transfer and
recombination through the activation of the SOS system (70, 71),
temperature of storage, growth in biofilm, and the presence of
pathogens as potential reservoirs of resistance genes.

The high resistance of pseudomonads to beta-lactams (ampi-
cillin, amoxicillin, and ceftazidime) was related to the presence of
plasmid-mediated extended-spectrum beta-lactamases (ESBLs)
encoded by blaCTX, blaTEM, blaSHV-1, and blaOXA genes. Thus, the
observed acquired resistance of mesophilic and psychrotrophic
pseudomonads reflected by the bi- or multimodal MIC distribu-
tions was due to the acquisition in most cases of blaCTX and blaTEM

genes by horizontal gene transfer (insertion sequences, class 1 in-
tegrons, transposons, and plasmids). However, only some strains
exhibited the presence of class 1 and 2 integrons. It should be
noted that the independent acquisition of mobile elements carry-
ing a bla gene, blaCTX or blaTEM, can lead to the simultaneous
occurrence of more than one gene in the same strain.

Concerning chloramphenicol, catA2 and catB3 resistance
genes prevalent in psychrotrophic and mesophilic pseudomo-
nads, respectively, are widespread in many bacteria (44), suggest-
ing that the observed acquired resistance was due to horizontal
gene transfer. On the other hand, the acquisition of the sulfame-
thoxazole (sulII) resistance gene, which is found predominantly
on plasmids and associated with class 1 integrons (72, 73), via
horizontal gene transfer by pseudomonads was reported in enteric
bacteria isolated from healthy food animals and humans (74, 75),
with sulII being the most prevalent gene in the absence of clinical
selection pressure (76). Here, the genes catA2 and sulII acquired
by psychrotrophic P. fragi in the entrance environment probably
was due to the presence of class 1 integron in those strains ac-
quired from other microorganisms of the environment or the an-
imals and may be responsible for the spread of those genes
throughout the chain of meat production.

Resistance to tetracycline (tetA, tetB, tetO, and tetQ genes),
trimethoprim (dfrD gene), and erythromycin (ereA, ereB, msrA,
and mefA genes) was due partially to the presence of the corre-
sponding resistance genes, with ereA and tetQ genes being the
most prevalent. The genes tetO and tetQ were found to be pre-
dominant in the gastrointestinal tracts of pigs and steers and also

in the manure (77), often being associated with conjugative trans-
posons (77, 78). In the present study, the occurrence of acquired
tetQ and ereA genes in P. putida from the entrance environment
suggests that the source of those genes is related to animals or the
entrance environment.

Genetic linkage of sulII, dfrD, and tet genes to determinants
such as blaCTX and blaTEM, conferring resistance to beta-lactams,
was due in part to the presence of class 1 integrons (17%), which
are implicated in the carriage and the genetic mobility of resis-
tance genes (79, 80); thus, the beta-lactams still commonly used
might help explain the persistence of those genes and the increase
in MDR of pseudomonads in the slaughterhouse. Accordingly,
Tadesse et al. (81) established a link between sulfonamide resis-
tance genes and determinants conferring resistance to tetracycline
and streptomycin. MDR of pseudomonads lacking specific ge-
netic resistance determinants may be due to other mechanisms,
such as drug efflux pumps with a wide spectrum of activity
(MexAB-OprM, MexCD-OprJ, MexXY-OprM, and AcrAB-TolC;
52% of strains harbored such unspecific mechanisms), with mexB,
mexD, and acrB genes being detected at high levels. Those efflux
pumps act synergistically with the permeability barrier to result in
significant intrinsic resistance to many antibiotics (82–85).

The correlation of resistance in pseudomonads using PCA of
sampling zones and end products determined that CR and MP are
considered the main sources of antibiotic-resistant mesophilic
pseudomonads, although they showed the opposite behavior con-
cerning the relevance of antibiotics to determine resistance. The
most resistant psychrotrophic pseudomonads were isolated from
F3, F4, and E. However, resistome-based clustering did not sup-
port this conclusion, with mesophilic pseudomonads from CR
and MP (group 3) being highly related and sharing the same
source of resistance determinants with E and SR (group 2), as
occurred with psychrotrophic pseudomonads from F3 (group 1),
F4 (group 3), and F1 and F2 (group 5). Those data suggested a
clear divergence between phenotypic and genotypic resistance of
pseudomonads in a slaughterhouse environment, since specific
and unspecific mechanisms induced by a wide range of antibiotics
may occur in different zones. Often, more than one gene was
associated with a given phenotypic resistance.

In summary, we revealed, for the first time, a high prevalence of
pseudomonads with MDR to commonly used antibiotics on goat
and lamb slaughterhouse surfaces, which may reflect the misuse or
abuse of the antimicrobial agents in animals and the environment.
Furthermore, the high similarity between different slaughter-
house surfaces and end products regarding phenotypic and mo-
lecular antibiotic resistance profiles of MDR pseudomonads iso-
lated in this study suggested that meat products play a role as a
reservoir of resistance determinants to be spread to human patho-
gens. Following the high slaughterhouse surface contamination
with MDR pseudomonads, it must be assumed that these highly
resistant microorganisms also can be directly transmitted to hu-
mans by transport, transaction, and food preparation. The rela-
tionship between environmental microorganisms and human
pathogens is not clear; however, recent reports showed that soil
bacteria and human pathogens shared an antibiotic resistome
(86), as did animals and farm workers (59, 87, 88). Considering
that the entrance environment (the first zone in a goat and lamb
slaughterhouse; animals should be kept there for a determined
time period before sacrifice) shared several resistance determi-
nants with end products implicated in resistance to several anti-
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biotics (about 6), we can suggest that the entrance, where some
antibiotic resistance determinants were detected for the first time
(catA2 and sulII), is the key zone in antibiotic resistance spreading
throughout different slaughterhouse zones, including the end
products. Furthermore, other zones, such as the cutting room and
refrigerators, where most MDR pseudomonads were isolated,
should be exhaustively controlled, especially F1 (about 6 resis-
tance determinants acquired), which was located between the SR
and CR. This fact must be taken into consideration to avoid cross-
contamination with the subsequent flow of mobile resistance de-
terminants throughout all slaughterhouse zones and to avoid the
spread of resistance to humans and the environment by the appli-
cation of adequate practices of hygiene and disinfection measures,
including animal wool and feet and also the entrance environ-
ment. Practical strategies could be applied in slaughterhouses, in-
cluding good husbandry practices to prevent disease and good
hygiene of animals before access to entrance into a pre-entrance
room, which could be created with the aim of applying a brief
shower to eliminate the majority of microorganisms from wool
and feet.
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